Mammalian hibernation is a unique strategy for winter survival in response to limited food supply and harsh climate, which includes resistance to cardiac arrhythmias. We previously found that hibernating woodchucks (Marmota monax) exhibit natural resistance to Ca 2+ overloadrelated cardiac dysfunction and nitric oxide (NO)-dependent vasodilation, which maintains myocardial blood flow during hibernation. Since, the cellular/molecular mechanisms mediating the protection are less clear, the goal of this study was to investigate changes in the heart proteome and reveal related signaling networks which are involved in establishing cardioprotection in woodchucks during hibernation. This was accomplished using isobaric tags for a relative and absolute quantification (iTRAQ) approach. The most significant changes observed in winter hibernation compared to summer non-hibernation animals were upregulation of the anti-oxidant, catalase, and inhibition of endoplasmic reticulum (ER) stress response by downregulation of GRP78, mechanisms which could be responsible for the adaptation and protection in hibernating animals. Furthermore, protein networks pertaining to NO signaling, acute phase response, CREB and NFAT transcriptional regulations, protein kinase A and α-adrenergic signaling were also dramatically upregulated during hibernation. These adaptive mechanisms in hibernators may provide new directions to protect myocardium of nonhibernating animals, especially humans, from cardiac dysfunction induced by hypothermic stress and myocardial ischemia.
INTRODUCTION
Mammalian hibernation is an energy-conservation strategy that allows various small animals to survive winter under conditions of low temperatures and food scarcity. Hibernators such as woodchucks (Marmota monax) undergo a remarkable phenotypic switch that involves physiological, morphological, and biochemical changes in response to environmental stresses 1 .
During hibernation, hibernators sink into deep torpor (DT) where metabolic rate is below 5% of the normal rate, body temperature typically falls to 32-50 °F, and physiological functions, as well as protein turnover, are profoundly depressed. During torpor, to match decreased metabolic demand, heart rate, mean arterial pressure, and maximum and minimum left ventricle (LV) pressure change rates (dP/dt) are significantly decreased in woodchucks 2 . However, myocardial blood flow is actually maintained, which is in apparent contradiction to the concept of decreased myocardial blood flow matching reduced metabolic demand 2 . Major cardiac stress adaptation during hibernation includes resistance to fibrillation/arrhythmias 3 , dynamic maintenance of conduction and repolarization patterns through improved gap junction functions 4 , maintenance of Na + /K + ion homeostasis 5 and improved Ca 2+ handling 6 . Despite the dramatic physiological adaptation of harsh environment during hibernation, the molecular basis for the adaptive mechanisms in hibernating animals is not well known. We have previously observed that woodchucks demonstrate epigenetic changes from summer to winter in response to ischemic injury 7, 8 . Although there is now a considerable amount of information related to various aspects of the morphological, physiological, and biochemical changes that are associated with the dramatic adaptation of hibernating myocardium [2] [3] [4] [5] [6] , the cellular and molecular basis of 4 Proteomics approaches are effective at identifying new protein signaling networks, which cannot be readily identified with targeted biochemical approaches. Using a label-free approach, Shao et al. discovered that proteins involved in translation, protein turnover, mRNA processing and oxidative phosphorylation significantly changed in the livers of ground squirrels (Urocitellus parryii) throughout the torpor-arousal cycle during hibernation 9 . In contrast, Martin et al. used the two-dimensional differential gel electrophoresis (DIGE) approach to identify protein differences in intestines of ground squirrels (Ictidomys tridecemlineatus) between sham-treated animals with those exposed to ischemia-reperfusion (I/R) 10 ; these proteomics profiles of intestines were able to distinguish among the sham-treated summer and hibernating samples, as well as I/R-induced proteomic changes between summer and hibernating animals. More recently
Grabek et al. discovered the importance of proteins involved in ATP-conserving mechanisms for
winter cardioprotection in the hearts of 13-lined ground squirrels 11 . In the present study, we conducted iTRAQ quantitative proteomics experiments in order to discover hibernation specific cardiac proteomic changes in Marmota monax; the sample set involved winter animals in DT and the summer (SM) non-hibernating animals. Because the woodchuck is not a widely studied animal model, a complete set of gene and protein sequences are not yet available. Although the availability of high resolution tandem mass spectrometers has enabled the acquisition of high resolution MS/MS spectra, software packages for high throughput "deep" de novo sequencing of shotgun proteomics data and subsequent assembly of peptides into protein sequences are not yet robust enough for routine shotgun proteomics studies of rare species. Consequently, we designed the iTRAQ proteomics approach to search the MS/MS spectra obtained from woodchuck peptides against both rodent and human protein sequences and quantified over 4,000 unique proteins. Based on these quantitative proteomics studies, a surprisingly small number of protein 5 networks are altered specifically during hibernation and DT, suggesting that a select scope of mechanisms may be important for determining cardiac protection in hibernating animals.
Development of therapeutics that can recapitulate protein signaling networks similar to the ones found in hibernating animals may lead to better treatments of vascular human diseases. DT (heart rate <25 bpm for 2 days and no response to mild external stimuli), the animals were 7 performed for either physiological analysis or euthanized with sodium pentobarbital (100 mg/kg, i.v. to effect) for heart tissue collection. SM Group: As the base comparison group for the iTRAQ study, heart samples were collected from woodchucks in summer (SM, June -July, n=3-5) for both iTRAQ proteomics and downstream biochemical studies described in this study.
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MATERIALS AND METHODS
Reagents -
After the hearts were excised, the blood was quickly washed out from the heart with saline, and the tissue samples were frozen at -80 o C prior to analysis.
Protein extraction and iTRAQ labeling -One set of 8-plex iTRAQ reagents was used for labeling 7 samples in the experiment (see experimental design in Supplemental Table 1 ). The hearts were first rinsed with PBS containing a protease inhibitor cocktail on ice to remove any residual blood prior to protein extraction. Proteins were extracted from the 30 mg of heart tissue from each animal using 0.5 ml of lysis buffer containing 100 mM TEAB, 1% NP40, 1% Triton X-100, a protease inhibitor cocktail and a phosphatase inhibitor cocktail. BCA protein assay was used for protein concentration measurements. Following the manufacturer's instructions (AB SCIEX), 100 µg of protein from each sample was first reduced by 5 mM TCEP at 60 ºC for 1 h, then alkylated with 10 mM MMTS at RT for 10 min and followed by trypsin digestion (1:10 by weight, enzyme to protein ratio) overnight. The peptides derived from the 4 summer woodchucks (SM1 to SM4) were labeled with iTRAQ reagents 113, 114, 115 and 116, and 3 deep torpor woodchucks (DT1 to DT3) were labeled with iTRAQ reagents 117, 118, and 121; iTRAQ 119
was not used due to limited availability of DT animals at the time of the experiment.
Liquid Chromatography and Tandem Mass Spectrometry (LC/MS/MS) -The iTRAQ-labeled
peptides were first combined according to the experimental design outlined in Supplemental full-width at half maximum (FWHM). Ten most abundant ions were selected for collisioninduced dissociation (CID) fragmentation in the ion trap followed by HCD fragmentation in the Orbitrap. The normalized collision energies were set to 35 for CID and 45 for HCD. The precursor isolation width was set at 2 amu, and a minimum ion threshold count was set as 3,000.
The lock mass feature was engaged for accurate mass measurements. An m/z 445.120030 corresponding to polysiloxane ion was used as the lock mass for internal calibration.
Bioinformatics Analysis -The MS/MS spectra from all the analyses were searched against either (C.I. value) as specified by the Peptide Prophet algorithm and less than 1% false discovery rate (FDR) based on forward/reverse database searches 13 . Proteins were considered confidently identified with at least one unique peptide, and an experiment-wide FDR of no more than 1.5%.
Proteins that share the same peptides and could not be differentiated based on MS/MS analysis alone were grouped together to reduce the redundancy, using Scaffold. Relative quantification of proteins was determined with Scaffold Q+ module in a normalized log 2 -based relative iTRAQ ratio format, with iTRAQ 113 tag as the reference denominator. The average protein expression ratios between SM and DT groups were calculated as the following: (average of the three DT ratios) / (average of the four SM ratios specific to each experiment). Significance of protein expression changes in p-values were calculated using a two-tailed Student's T-test for each protein, with the three DT ratios comparing to their corresponding four SM ratios. The proteins with a greater than 20% changes and p-values ≤ 0.05 are considered as significantly changed based on our previously determined analytical variations 14 . For functional analysis of the affected protein networks, the significantly changed proteins were submitted to Ingenuity (http://www.ingenuity.com/) for pathway analysis.
Western blotting -Twenty µg of proteins/lane from each sample were separated using 10%
SDS-PAGE gels and transferred onto nitrocellulose membranes (Biorad, Hercules, CA, USA), which were probed with the primary antibodies at 4 ºC overnight: anti-catalase ( 
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RESULTS AND DISCUSSION
Hibernating animals have unique cardiac physiology
Physiological and hemodynamic data indicate that hibernating woodchucks entering DT have a distinct cardiac functional profile compared to the animals analyzed in summer (SM) (Fig. 1 ). As expected, the body weights (BW) were significantly lower in woodchucks in winter DT, when compared to summer (Fig. 1A ). Both body temperatures and heart rates were dramatically reduced in DT (Fig. 1 , B and C). Physiologically, DT resulted in a trend, albeit insignificant, decrease in left ventricle (LV) systolic pressure (LVSP, Fig. 1D ); on the other hand, DT caused a significant decrease in maximum LV pressure change rate, dP/dt (Fig. 1E ). These data correlated well with the notion that the woodchucks exhibit a suppression of LV systolic function to match decreased metabolic demand during winter particularly when they enter the phase of torpor.
Cross-species database searches can effectively identify woodchuck proteins
In order to discover proteomic changes in hibernating woodchucks, we conducted iTRAQ analyses to identify seasonal proteomic changes by comparing the differentially expressed proteins between DT vs. SM (Supplemental Table 1 ). Since a comprehensive protein database for woodchucks is not available, we used a cross-species database search strategy for the identification of woodchuck proteins. For each set of iTRAQ experiments, the MS/MS spectra were searched independently against either the UniRef100 human (120,982 sequences), mouse (82,522 sequences) or rat (51,862 sequences) database. Positive protein identifications were based on the forward/reverse sequence database search routine, filtered at the protein FDR ≤1.5% via Scaffold. Each identified protein contains at least one unique peptide with a C. I.
value ≥ 95%. Despite the vast differences in the sequence database sizes, similar numbers of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   12 proteins were identified across the three species, ranging from low to mid 4,000's (Table 1,   Supplemental Tables 2A; also provided to the readers are proteins identified with at least two   peptides, Supplemental Tables 2B), while slightly more unique peptides were identified using the human relative to rodent databases. It appeared that these protein sequences are conserved between woodchucks and either human, mouse or rat proteins to render this cross-species database search strategy effective.
Identification of torpor-specific proteomic changes
Based on our previous analysis of iTRAQ analytical variation 14 on our instruments, the proteins with iTRAQ ratios beyond 20% of the normalized population means and p-values ≤ 0.05 are considered as significantly changed. Consequently, we found 162 proteins in DT vs. SM (Supplemental Table 3A ) were significantly changed (also provided to the readers are more confidently identified proteins, with at least two matched peptides, Supplemental Tables 3B).
Given the dramatic cardiac functional changes which occur during torpor, it is surprising that less than 5% of the identified proteins were significantly altered in DT animals, suggesting the importance of key protein networks in determining cardiac protective mechanisms during torpor.
Evaluation of representative MS/MS spectra confirmed DT-specific alternation of proteins ( Fig. 2) . For example, both catalase and 78 kDa glucose-regulated protein (GRP78)
were altered in DT compared to summer, with the expression levels of catalase increased (Fig. 2, A and B) and GRP78 decreased (Fig. 2, C and D) . In contrast, like most identified proteins, troponin I type 3 (TNNI3) was not altered by DT (Fig. 2, E and F) . Lipid metabolic enzymes, acyl-coenzyme A synthetase medium-chain family member 5 (ACSM5) and mitochondrial acylcoenzyme A thioesterase 9 (ACOT9) were also elevated during DT ( 
Validation of iTRAQ-derived protein changes by Western blotting
Following iTRAQ analyses, we performed additional Western blotting in order to verify key proteomic differences discovered by iTRAQ analyses. Similar to the discovery made with iTRAQ analysis when compared to the summer group, the upregulation of anti-oxidant catalase and the downregulation of ER stress regulator GRP78 were occurring in DT (Fig. 3, A to B) .
Overexpression of catalase and inhibition of ER stress response by downregulation of GRP78
have been reported to be involved in cardioprotection [15] [16] [17] [18] [19] [20] [21] .
We also confirmed the significant changes of key signaling protein networks in DT over SM, including the increase of ataxia telangiectasia mutated protein (ATM), the regulatory subunit 2 of phosphoinositide-3-kinase (PI3KR2), A-kinase anchor protein 2 (AKAP2), cAMPdependent protein kinase type Iα (PRKAR1A) and IIβ (PRKAR2B), and cAMP-dependent protein kinase catalytic α (PRKACA) (Fig. 3, C to D) . PI3K is a well known kinase which regulates cell survival, growth, cell cycle entry, and cell migration through modulating its downstream targets 22 . The downstream targets including Akt, PKC, p70S6K and ERK, have been demonstrated to play roles in mediating cardioprotection and limiting myocardial damage induced by ischemia [22] [23] [24] . In addition, since hibernating animals induce adaptive cardiac 14 hypertrophy due to increased heart contractility during DT 25, 26 , the proteins which regulate hypertrophy could be upregulated. PI3K/AKT, p70S6K and ERK are well known pathways for mediating physiological hypertrophy [27] [28] [29] , therefore, the upregulation of PI3K-related protein networks likely contribute to enhanced cardiac hypertrophic response during DT. Cyclic AMPdependent protein kinase (PKA) is the main mediator of cAMP signaling in mammals 30 . PKA induces a signal transduction through phosphorylation of different target proteins involved in the regulation of metabolism, cell proliferation, differentiation, and apoptosis. To date, four major R subunit isoforms (RIα, RIβ, RIIα, and RIIβ) and three isoforms of the C subunit, (Cα, Cβ, and Cγ) have been identified with distinct tissue distribution and biological features [31] [32] [33] . The specificity of PKA signal transduction is also mediated by compartmentalization of the isoforms through interaction with A kinase anchoring proteins (AKAPs) 34 . Interestingly, the current study demonstrates the upregulation of AKAP2 and selective isoforms of PKA, i.e., PRKAR1A, PRKAR2B and PRKACA, suggesting AKAP2 could interact with these PKA isoforms and target them to specific microdomains which induce specific cellular and molecular signal responses during hibernation.
Identification of hibernation-regulated protein networks
In order to discover novel protein networks that are regulated during hibernation, we performed a bioinformatics analysis of the significantly changed proteins from the iTRAQ analyses. Similar to the elegant work published by Russeth et al 35 , it is essential to use multiple protein database search engines to achieve a broad proteome coverage for the analysis of non-model organisms.
However, despite the recent advancements in mass spectrometry sensitivities, proteomics approaches, including the current study, still cannot match the depths of genomics studies for revealing expression changes of many low abundance molecules during hibernation 36, 37 . It is 15 likely that, with more high quality nucleic acid sequence data obtained from deep sequencing studies and the improvement in bioinformatics technologies, proteomics methods can achieve much higher proteome coverages in the near future, by directly searching the MS/MS spectra against proteins predicted from deep sequencing approaches.
Despite these limitations, our study has both confirmed previous findings and revealed some novel insights regarding the effect of hibernation on protein networks. Not surprisingly, some of the protein networks affected by hibernation discovered from this study (see examples in Supplemental Table 4 ) have been reported previously. For example, down regulation of fatty acid synthesis and upregulation of fatty acid catabolism during hibernation have been reported from previous proteomics and genomics studies of the tissues of hibernating arctic ground squirrels 9, 38 and also from another proteomics study of the hearts of ground squirrels 11 .
Interestingly, it appeared that protein networks pertaining to NO signaling, acute phase response, cAMP response element-binding protein (CREB) and nuclear factor of activated T cells (NFAT) transcriptional regulations, protein kinase A (PKA) signaling and α-adrenergic signaling were dramatically altered during DT ( Fig. 4A and Supplemental Table 4 ). A beneficial role for NO during ischemia has been clearly demonstrated 2, 39-41 . We previously found that during DT, the myocardial blood flow was surprisingly maintained although the blood flow to the visceral organs, e.g. to the kidneys, was decreased 2 . The maintenance of myocardial blood flow was apparently involved in NO-dependent vasodilation 2 . However, we do not know which NO synthase isoform mediates these effects in previous observations. Interestingly, in the current study, we found that endothelial nitric oxide synthase (eNOS) signaling was upregulated during DT ( Fig. 4A to B) . eNOS has been demonstrated to mediate vasodilation and angiogenesis which are important cardioprotective mechanisms [42] [43] [44] . According to the analysis of NO protein In addition, from the network analysis, selective downstream protein network changes in DT animals suggested that CREB protein network activation may be important for cardiac protection during torpor. Several in vitro studies have also shown the roles of CREB in the regulation of cardiac function. In one study, the hypertrophic agonist, phenylephrine, promotes phosphorylation of CREB in adult rat cardiac myocytes through α-and β-adrenergic receptors, which plays an important role in the hypertrophic response 45 . Another study indicates that preconditioning stimulated the induction of thioredoxin. Subsequently, thioredoxin can be translocated into the nucleus and activates CREB via phosphorylation for a delayed induction of mitochondrial anti-apoptotic Bcl-2 and anti-oxidative MnSOD 46 . A more mechanistic study demonstrates that the cardioprotection induced by pharmacological preconditioning with resveratrol is mediated by the activation of CREB through the adenosine A3 receptor by Aktdependent (PI3K-Akt-CREB-Bcl2) and Akt-independent (ERK/p38MAPK-MSK1-CREB-Bcl2) pathways [47] [48] [49] . Moreover, a recent study demonstrated that CREB activation mediates ischemic preconditioning 50 . Thus, CREB protein network activation could be involved in cardiac hypertrophy and ischemic preconditioning in hibernating animals in winter.
CONCLUSIONS
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